ABSTRACT Boll weevil, Anthonomus grandis grandis Boheman, overwintering survivorship was quantiÞed monthly throughout the overwintering period (October to May) in Texas High Plains and Rolling Plains for 12 yr. A negative exponential model was developed to dynamically predict survivorship throughout the overwintering months. Survivorship was modeled as a function of the number of days that weevils were in the habitat, negative degree-days (Ͻ0.0ЊC), positive degree-days (Ͼ6.1ЊC), rainfall, and mortality during the Þrst month of overwintering. First month mortality was modeled as a function of overwintering survival potential of weevils determined by dissection examination of their body lipid content and gonad atrophy. A nonlinear iterative multiple regression analysis showed that the model explained 94% of the variability in parameterization-veriÞcation data; a goodness-of-Þt test showed that 97% of the estimated survival values did not signiÞcantly depart from their corresponding observed values. With independent validation data, 94% of the variability was explained by the survival model; a goodness-of-Þt test for validation data showed that 96% of the predicted survival values did not signiÞcantly depart from their corresponding observed values. This model offers a greater understanding of boll weevil overwintering biology as it demonstrates a link between biological and climatic parameters. The model can be used to forecast weevil survivorship throughout the overwintering period in the Texas Plains.
THE BOLL WEEVIL, Anthonomus grandis grandis Boheman, overwinters as an adult in a state of a facultative diapause in most of the temperate regions of the United States. Brazzel and Newsom (1959) characterized weevil diapause as a physiological state of reduced metabolism, atrophied gonads, increased fat content, and decreased body water content. In the Texas Plains, boll weevils initiate diapause in early August (Sterling and Adkisson 1974) , with spring/ summer emergence from overwintering habitats continuing to late July the following year Rummel 1985, Slosser and Fuchs 1991) . The proportion of diapausing weevils that successfully overwinter is dependent on boll weevil overwintering survival potential (Rummel et al. 1999) , timing of weevil entry into overwintering habitat (Sterling 1971 , Wade and Rummel 1978 , Rummel and Carroll 1983 , Parajulee et al. 1996 , winter severity as reßected by low temperatures and rainfall (Pfrimmer and Merkl 1981 , Price et al. 1985 , Stone et al. 1990 , and by the insulating capacity of the overwintering habitat (Slosser et al. 1984 , Slosser and Fuchs 1991 , Carroll et al. 1993 , Parajulee et al. 1997 .
Boll weevil overwintering survival and emergence models have been developed using climatic data and survivorship recorded at the end of the emergence period (Stone et al. 1990 , Parajulee et al. 1996 . Although the boll weevil emergence pattern is predominantly inßuenced by abiotic factors such as positive degree-days, negative degree-days, leaf litter moisture, and the time of weevil entry into overwintering habitat (Parajulee et al. 1996) , overwintering survivorship and emergence timings have been shown to be linked (Stone et al. 1990) . Therefore, to develop a mechanistic model that will dynamically predict survivorship, boll weevil winter survivorship needs to be quantiÞed throughout the overwintering period. The objective of this study was to quantify boll weevil overwintering survivorship throughout the overwintering months (October to May).
Materials and Methods
Boll Weevil Overwintering Survival. Boll weevil overwintering survivorship studies were conducted for 8 yr (1979 Ð1982 and 1995Ð1998) in the Texas Rolling Plains (Knox and Hardeman counties) and for 4 yr (1989 Ð1991 and 1999) in the Texas High Plains (Lubbock and Gaines counties). The year of study refers to the year of cohort placement into the overwintering habitat. The studies in the Rolling Plains were conducted in shelterbelt habitat. Shelterbelts are a mixture of broadleaf and evergreen trees planted on a Þeld margin to serve as a windbreak; shelterbelt trees collectively produce 5Ð10 cm deep leaf litter (Slosser 1993) . Studies in the High Plains were conducted in rangeland habitats dominated by mesquite, Prosopis glandulosa Torrey, or in Siberian elm, Ulmus pumila L. groves; both habitats produce 5Ð10 cm deep leaf litter. Weevils used in these studies were obtained from infested cotton squares (ßower buds) collected from Þelds during late summer and early fall. Square collection dates varied among years, but the collection dates were between mid-September and early October.
Weevils in the Rolling Plains study were reared in conditions known to induce a high level of diapause (Slosser et al. 1996) . Freshly collected, boll weevil egg-punctured squares were placed in cone-shaped rearing cages (77 cm high, 77 cm i.d. at base) and held at a constant temperature and a photoperiod of Ϸ23 Ϯ 2ЊC and 11:13 (L:D) h. Upon emergence from squares, adult boll weevils were collected in glass jars on top of the rearing cages. Newly emerged weevils were then placed in growth chambers at 18.3:15.6ЊC and a photoperiod of 11:13 (L:D) h. Weevils were fed fresh cotton squares and small bolls (Ͻ2.54 cm diameter) for 2 wk. Weevils in the High Plains study were reared in a similar manner to the Rolling Plains weevils, except that a photoelectric switch activated the lights by sunlight to reproduce the natural photoperiod (Rummel and Carroll 1983) . Beginning in 1995, a sample of 25 weevils from each group of weevils to be placed in winter habitat was dissected to determine overwintering survival potential (Rummel et al. 1999 ) before the weevils were transferred to overwintering sites. Overwintering survival potential of an individual weevil was rated as category 1 through 4 based on fat body accumulations and development of gonads, and percentage of weevils in each category was calculated. The weevils that exhibited the classic characteristics of diapause as described by Brazzel and Newsom (1959) were rated category 1 (high winter survival potential), whereas category 2 (medium winter survival potential) weevils were 1/4 Ð1/2 leaner in their fat content compared with the category 1 weevils. The category 3 weevils (low winter survival potential) were diapausing weevils with light to very light fat content; category 4 (zero winter survival potential) individuals were typical reproductive weevils as described by Brazzel and Newsom (1959) .
Weevils were then transferred to overwintering habitat, placed on the leaf litter and covered with an overwintering cage. Overwintering cages (10 cm high, 15 cm i.d.) were made from a galvanized steel cylinder that was covered on top with screen (18 by 14 mesh, 0.23 mm wire diameter). These cages were positioned into the overwintering habitats such that the open base was inserted into the soil and the screen top was ßush with the top of the leaf litter to prevent the weevils from escaping. Each deployment consisted of a set of Þve to seven cages (50 weevils per cage), replicated four times. Weevils were released from mid-October to early November in different years. One cage per replication was removed approximately every 30 d, hereafter referred to as a "dig-up" cage. Each dig-up cage consisting of weevils and leaf litter content was brought to the laboratory where live weevils were retrieved through careful examination of the content using a heat table. The numbers of live, dead, and missing weevils were recorded. On an average, 94% of the total weevils were retrieved during the Þrst dig-up month, indicating that a small portion of weevils was unaccounted for in our sample. However, the missing weevils were probably overlooked by the sampler because diapausing weevils hide in folds of dried leaves or in cracks in dead wood and are very hard to Þnd. Predation could be another factor, but the information on effect of predators on boll weevil overwintering survivorship is lacking. Percentage of survivorship was calculated as percentage of live weevils per original cohort of 50 weevils.
Climatic Data. A data logger (Datapod DP 212, DataLoggers, Logan, UT) was used to monitor hourly leaf litter temperatures in the Rolling Plains study site; rainfall was monitored weekly using a rain gauge. In the High Plains study site, a micrologger (CR21 Micrologger, Campbell ScientiÞc, Logan, UT) was used to record hourly temperatures and rainfall data. Litter temperatures were recorded at the soil surface-leaf litter interface (Slosser and Fuchs 1991) . Positive degree-days (Ͼ6.1ЊC) and negative degree-days (Ͻ0.0ЊC) were calculated for each cohort from the time of weevil placement into overwintering habitat to each dig-up date.
Model Parameterization. Simple correlation analyses were performed to quantify the degree of linear associations between overwintering survivorship and climatic and biotic variables (see below for descriptions of variables). Overwintering survivorship was modeled as Surv ϭ e -␣ where Surv ϭ percentage of weevils surviving from entry into the overwintering habitat to a given month, and ␣ ϭ f (DIH, DD, NDD, Rain, Mort1), where parameters were as follows: DIH ϭ Cumulative number of days in habitat, calculated as number of days from time of cohort placement into overwintering habitat to a given date the survivorship is predicted. DD ϭ Cumulative positive degree-days (Ͼ6.1ЊC) from time of cohort placement into overwintering habitat to a given date the survivorship is predicted. NDD ϭ Cumulative negative degree-days (Ͻ0.0ЊC) from time of cohort placement into overwintering habitat to a given date the survivorship is predicted. Rain ϭ Amount of precipitation (cm) between the time of cohort placement into overwintering habitat and the Þrst dig-up date (for the Þrst month) or between the two consecutive dig-up dates (for the remainder of the overwintering months). Mort1 ϭ Percentage weevil mortality during the Þrst month of overwintering. Mort1 values for each cohort were calculated as 100 -average survivorship on the Þrst dig-up date.
Because Mort1 values are not available until the Þrst dig-up date for this parameter to be used in a dynamic survival model, an equation was derived to predict Þrst month mortality as Mort1 ϭ f(Cat1) based on 4-yr weevil dissection data, where Cat1 ϭ Percentage of weevils exhibiting category 1 overwintering survival potential (Rummel et al. 1999) .
A nonlinear iterative regression was used to derive parameter estimates, with the signiÞcance of each term June 2001 PARAJULEE ET AL.: BOLL WEEVIL OVERWINTERING SURVIVORSHIPdetermined using a backward step-wise elimination procedure (Draper and Smith 1981, SAS Institute 1995) . Model Verification and Validation. In total, 10 cohorts, seven from the Rolling Plains study (1979, 1980, 1982, and 1995Ð1998) and three from the High Plains study (1989 Ð1991) , were used in parameterizationveriÞcation of the model. For validation, two additional cohorts from the High Plains study (1990 and 1991) that were not used in the parameterization, and one cohort each from Rolling (1981) and High Plains (1999) studies for years that were not represented in the parameterization were used as independent cohorts. We chose validation cohorts to represent a wide range of climatic parameters and Mort1 values. CoefÞcients of multiple determination (R 2 ) were calculated based on residuals of observed and estimated (veriÞcation data) or predicted (validation data) values. In addition, survival estimations and predictions were compared with observed data for each dig-up date and year using a G-test of goodness-of-Þt (Sokal and Rohlf 1981) .
Results
Survivorship and Climatic Data. Survivorship data were highly variable among years, with Þnal survival values (i.e., survival values on the last dig-up date) ranging from 0% survivorship in 1980 to 69% survivorship in 1997. Mortality began within the Þrst month of overwintering in all cohorts, but it varied among years. Only 4.5% of the weevils died within the Þrst month in 1997, whereas 49% of weevils died within the Þrst month in 1996. Climatic proÞle also varied considerably during the study years. Among the years of study, 1980 was the coldest, with only 70 positive degree-days (DD) accumulated during the Þrst month of overwintering and 785 DD accumulated during the entire overwintering period of 185 d. In contrast, 336 and 1887 DD were accumulated during the Þrst month of overwintering and during the entire overwintering period of 188 d, respectively, in 1991. The total negative degree-days (NDD) also varied among years, ranging from 0 NDD in 1979 , 1997 , 1998 , and 1999 to 25 NDD in 1989 . The amount of rainfall during each dig-up month ranged from 0 to 13 cm.
Model Parameterization and Verification.
Simple linear correlation analysis showed that overwintering survivorship (Surv) was signiÞcantly correlated with four of the Þve main effect parameters (DIH, DD, NDD, and Mort1) used in the survival model (Table 1) ; Rain was not signiÞcantly correlated with survivorship. Furthermore, survivorship negatively correlated with all parameters used in the model. Survivorship showed strongest correlation with DIH followed by Mort1, indicating that survivorship is related to both the duration that the weevils are in overwintering habitat and a weevilÕs intrinsic ability and vigor to withstand the overwintering environment. Weevil cohorts that showed a higher mortality during their Þrst month of overwintering were more likely to have lower overall survival through the overwintering months. A signiÞcant correlation between Surv and DD or NDD indicates that winter severity (e.g., high NDD or low DD) can affect the degree of survivorship regardless of the weevilÕs overwintering survival potential.
Survivorship was described as a nonlinear function of DIH, NDD, DD, Rain, and Mort1 ( Table 2 ). The equation Þt the data reasonably well, with 94% of the DIH ϭ cumulative number of days in habitat; NDD ϭ cumulative negative degree-days (Ͻ0.0ЊC) from time of cohort placement into overwintering habitat to a given date the survivorship is predicted; DD ϭ cumulative positive degree-days (Ͼ6.1ЊC) from time of cohort placement into overwintering habitat to a given date the survivorship is predicted; Rain ϭ amount of precipitation (cm) between the time of cohort placement into overwintering habitat and the Þrst dig-up date (for the Þrst month) or between the two consecutive dig-up dates (for the remainder of the overwintering months); Mort1 ϭ Percentage of weevil mortality during the Þrst month of overwintering; Surv ϭ percentage overwintering survivorship between the two consecutive dig-up dates.
* Correlation coefÞcients signiÞcant (P Ͻ 0.0001, n ϭ 64). variability explained in veriÞcation data (Fig. 1A) .
Observed survivorship values were highly variable among years (Fig. 2) . For example, 50% of the veriÞcation data had Þrst month overwintering survival values Ͻ70% (5 out of 10 yr), whereas survivorship was 69% until May in 1997. Nevertheless, the model was robust enough to capture the variability in the data; 62 of the 64 observed survival values (97% of the data) used in model parameterization did not significantly depart from their corresponding estimated values (Fig. 2) . The weevil mortality during the Þrst month of overwintering was modeled as a function of overwintering survival potential as follows:
, where a ϭ 134.78578 (Ϯ9.76327 SE), b ϭ Ϫ3.02053 (Ϯ0.36385 SE), and c ϭ 0.01776 (Ϯ0.00288 SE), y ϭ mortality during the Þrst month of overwintering and x ϭ % category 1 overwintering survival potential determined by live weevil dissection, R 2 ϭ 0.99, n ϭ 4. Model Validation. The model Þt the independent data very well, with 94% of the variability explained in validation data (Fig. 1B) . The robustness of the model was remarkable, especially for the data from the year that was not represented in data veriÞcation (Fig. 3) . Overall, 23 of the 24 observed survival values (96% of the data) used in model validation did not signiÞcantly depart from their corresponding predicted values (Fig. 3) .
Discussion
Among the Þve main effect parameters we deÞned to explain overwintering survivorship throughout the overwintering period, the duration of time weevils spend in the habitat appeared to be the most inßu-ential factor. Besides the strongest correlation between DIH and Surv (Table 1) , DIH was the most inßuential parameter in the nonlinear multiple regression model, with signiÞcant main effect, quadratic effect, and interactions with NDD and Mort1 ( Table  2 ). The interaction of DIH and Mort1 alone explained 8% of the total variation ( Table 2 ). The greater importance of the DIH factor in the model is intuitively apparent because the body fat content in diapausing weevils declines steadily through the overwintering period (Brazzel and Newsom 1959) , suggesting that stored lipids serve as a source of energy during diapause. Also, a longer DIH exposes overwintering weevils to biotic and abiotic mortality factors for a longer period of time (Price et al. 1985) .
Weevil mortality during the Þrst month of overwintering signiÞcantly affected the overall survivorship through the overwintering months. Because Mort1 is a direct function of Cat1 overwintering survival potential, it is apparent that the degree of survival potential of the weevils is strongly related to the overwintering survival. Furthermore, the prediapause feeding regimes, particularly the food quality, affect the degree of overwintering potential because stored lipids serve as a source of energy during overwintering. For example, weevil cohorts that feed on squares (ßower buds) or small bolls accumulate signiÞcantly less triglyceride fatty acids compared with those weevils that feed on medium and large bolls (Lambremont et al. 1964) . Although lipid content is not the major determinant of the diapause condition, it is considered as the major indicator of winter survival (Rummel et al. 1999) , and the higher level of triglycerides in diapausing weevils enhances overwintering survivability (Lambremont et al. 1964 ). However, a higher triglyceride content in the diet through the consumption of large bolls does not invoke high levels of category 1 or 2 diapause condition, and the overwintering survivorship of the weevils that feed exclusively on large bolls has been shown to be signiÞcantly reduced (Carroll et al. 2001) . Of the 4 yr of dissection data in our study, Cat1 values were 36% (1996), 90% (1997), 80% (1998), and 92% (1999) ; the Þrst month mortality values corresponding to these Cat1 values were 49, 6, 6, and 8%, respectively. Also, the Þnal overwintering survival values for these cohorts were 0.5, 31.6, 26.6, and 40%, respectively. Thus, our data clearly showed that the survival potential of overwintering weevils affects the percentage of the initial cohort that is actually destined to survive after late fall. If the weevils do not have high lipid reserves and do not show a high degree of survival potential, a majority of them die early during the overwintering period. The largest contribution of DIH x Mort1 interaction in explaining total variation in the data indicates that overwintering duration (DIH) is closely linked to overwintering survival potential.
Positive and negative degree-days both were correlated with winter survivorship (Table 1) ; however, the correlations of these two parameters with overwintering survivorship were lower than with DIH and Mort1. This suggests that the parameter DIH itself can take into account some of the variation in survivorship due to the temperature factors, as indicated by a strong positive correlation between DIH and DD. However, because yearly variation in temperature is high, temperature parameters (DD and NDD) are signiÞcant factors determining weevil survival. The effect of temperature (i.e., winter severity factor) could play a more signiÞcant role when survival potential of overwintering weevils is low (Rummel et al. 1999) . Although the coefÞcient of simple correlation between NDD and Surv was not very strong (Table 1) , the nonlinear regression model showed a tremendous impact of NDD on survivorship; that is, 40% of the parameters used in the model consisted of NDD or its interaction with other parameters (Table 2) . Also, the parameter NDD, including main and quadratic terms, explained Ϸ6% of the total variation in the data.
Rainfall did not show a signiÞcant correlation with overwintering survivorship (Table 1) , but Rain was a signiÞcant parameter in the regression model. This indicates that moisture can inßuence overwintering weevil survivorship, but the factors such as DIH, Mort1, and NDD mask the effect of rain unless there is extremely low or high rainfall during overwintering. Previous workers have documented a signiÞcant effect of rainfall on weevil survivorship (Leggett and Fye 1969, Price et al. 1985) . However, the effect of rainfall could be more signiÞcant during years with extreme temperatures (Pfrimmer and Merkl 1981, Henneberry et al. 1990) . This is the Þrst comprehensive boll weevil overwintering survivorship model that we are aware of that has been developed to predict survivorship throughout the overwintering months. The model presented in this article is unique in several ways. First, we have represented data from several years and from two distinct geographical locations (The Texas High Plains and Rolling Plains are separated by an escarpment (caprock) which results in elevational and climatic differences between the two regions) to capture maximum variation in climatic parameters. Second, the model is based on both climatic and biotic (weevilÕs overwintering survival potential) factors. Third, the model has been validated against independent data, with considerable accuracy. This model offers a greater understanding of boll weevil overwintering biology as it demonstrates a link between weevil vigor before entering the overwintering habitat and the resulting winter survival. The model can be used to forecast weevil survivorship throughout the overwintering period in the High and Rolling Plains region of Texas.
